In this study, composite materials consisting in HKUST-1 [Cu 3 (BTC) 2 ] (BTC: benzene 1, 3, 5-tricarboxylate) and an Indonesian activated natural zeolite (ANZ) from Klaten, Central Java, were successfully prepared and characterized. The purpose of this research was to determine the effect of the combination of these two materials on the characteristics of the composite as well as to determine its CO 2 gas adsorption ability. The composite HKUST-1-ANZ (ANZ@HKUST-1) was synthesized in two different techniques, i.e., solvothermal and sonication method. The obtained materials exhibited X-ray diffractogram characteristics of both HKUST-1 and ANZ. Fourier-transform infrared (FTIR) analysis showed a combination of peaks from HKUST-1 and ANZ, i.e. peaks assigned to carboxylate groups and bonds between Cu-O from HKUST-1, as well as N-H bending and SiO from ANZ. The addition of ANZ to HKUST-1 decreased its surface area and nitrogen sorption capacity. Application of the composites as CO 2 capture materials shows their CO 2 adsorption capacity is increased (ca. 12%) comparing to the initial materials.
Introduction
Global warming is a major environmental issue faced by our planet. According to the Intergovernmental Panel on Climate Change (IPCC) data, in the 21 st century, the earth's temperature will increase between 1.4 and 6.4 o C [1] . One of the reasons for the earth's temperature increase is overabundance of CO 2 gas. Currently, around 80% of the world's gas emissions are originated from CO 2 , and this will continue to increase in line with developments in the transportation and industrial sectors [2] [3] . Several methods have been developed to reduce CO 2 emissions, one of which is adsorption with porous materials such as metal-organic frameworks (MOFs), zeolites, activated carbon, and mesoporous silica [4] [5] [6] .
As a class of hybrid porous materials constructed from metal ions or clusters and organic linkers, MOFs have been applied to gas storage and capture, including CO 2 [2] . Some MOFs, such as MOF-177 [Zn 4 O(BTB) 2 ] (BTB: benzene 1,3,5 tribenzoate) [7] , MIL-101 [Cr 3 (O)-X(BDC) 3 [8] , HKUST-1 [Cu 3 (BTC) 2 ] (BTC: benzene 1,3,5-tricarboxylate) [9] , and MgMOF-74 [Mg(dobdc)] (dobdc: 2,5 dioxide 1,4-benzenedicarboxylate), have been reported as CO 2 gas adsorbents [10] . However, MOFs possess some disadvantages such as having weak interactions with CO 2 , high sensitivity to water and moisture in some cases, leading to the active sites of MOFs to be able to connect easily to water [11, 12] . This phenomenon reduces the adsorption capacity of CO 2 . Therefore, it is necessary to combine MOFs with other materials (including porous materials) to increase their stability and create additional binding sites. Zhu et al. synthesized HKUST-1/MCF (mesocellular foam) to be employed as CO 2 adsorbents. This composite can increase the adsorption capacity of CO 2 gas up to 3.89 mmol/g at a pressure of 1 bar [13] . HKUST-1 was also combined with graphene oxide (GO) by Liu et al. and applied as an adsorbent of CO 2 and CH 4 gases where the CO 2 gas adsorption capacity reached 8.26 mmol/g at 273 K and 1 atm [14] . Another MOF composite, Cu-BDC with MCM-41, has a Si-O group similar to zeolite; the CO 2 adsorption of Cu-BDC with MCM-41 composite reached 5.5 mmol/g at a pressure of 20 bar [15] .
Natural zeolite, with resource capacity of 447,490,160 tons, is, possibly, the largest mineral commodity in Indonesia. The abundance of this material is due to volcanic slabs located from Sumatra to Sulawesi. On the island of Java, the distribution of zeolites has reached 285,595,000 tons in 2008 [16] . According to Kusdarto et al., natural zeolites can be used as CO 2 gas adsorbents, therefore the utilization of local materials will enhance the efficacy of natural zeolites in Indonesia [16, 17] . The incorporation of zeolites into MOFs results in a new material feature that is expected to enhance gas adsorption capability due to suitable pore size arrangement, surface area, and the incorporation of the additional active sites of zeolites and MOFs. The presence of an open metal site on HKUST-1 is attractive for gas-binding. Moreover, active zeolites also contain active groups of ammonium (NH 4 + ) and hydroxyl (-OH) groups that potentially bind to gases. To the best of our knowledge, there have been no reports on composite materials fabricated from activated natural zeolite from Indonesia and MOFs to date. Therefore, in this study, we have investigated the influence of various percent additions (compositions) of active natural zeolite (ANZ) to HKUST-1, synthesized by both solvothermal and sonication methods to form the composite material ANZ@HKUST-1, on the material's physical and chemical properties and on its application in CO 2 gas capture.
Materials and Methods

Materials
All chemicals and reagents used were of analytical grade and were used as purchased without any further purification. Natural zeolite was obtained from Klaten, Central Java, Indonesia (particle size 170/240 mesh). Benzene-1,3,5-tricarboxylic acid (95%) and Cu(NO3)2·3H2O 99% were commercially obtained from Sigma Aldrich, Germany. Ethanol (p.a.) 96%, NaOH and NH4Cl (p.a.) (98%) were purchased from Emsure. HCl 37% (Mallinckrodt) was used as received.
Procedures
Synthesis of HKUST-1 [Cu 3 (BTC) 2 (H 2 O) 3 ], C 18 H 6 Cu 3 O 12 , (BTC: benzene 1, 3, 5-tricarboxylate)
The solvothermal method was used to synthesize HKUST-1 according to a previously reported procedure [18] ; HKUST-1 was activated at 473 K for 2 h before the CO 2 adsorption test.
Preparation of Activated Natural Zeolite (ANZ)
The activation of natural zeolite was performed according to a modified literature procedure [19] . Natural zeolite (10 g) was heated under reflux with HCl (250 mL, 6 M) for 30 minutes at 323 K. The mixture was subsequently filtered and neutralized. The treated zeolite was then dried at room temperature for 12 h and was allowed to dry in an oven at 403 K for 3 h. Thereafter, the dried zeolite was further heated under reflux with NH 4 Cl (250 mL, 1 M) for one week at 363 K. After completion, the mixture was filtered and neutralized with purified water, resulting in the active natural zeolite (ANZ), which was further activated at 403 K for three hours.
Preparation of the Composite ANZ@HKUST-1
The ANZ@HKUST-1 composite was synthesized in situ based on a modified procedure [20] . During HKUST-1 synthesis, Cu(NO 3 ) 2 ·3H 2 O and H 3 BTC ligand were added to zeolite in percentages of 2, 5, 20, and 50 wt% (in this case, ANZ acts as a filler). Meanwhile, ex-situ synthesis of ANZ@ HKUST-1 was conducted based on a modified procedure [21] . The ANZ@HKUST-1 composite was synthesized using the sonication method in which ANZ was added to presynthesized HKUST-1 in the proportion of 80, 95, and 98 wt% (in this case HKUST-1 served as filler), and then ethanol (20 mL) was added, and the mixture was sonicated for 1 hour at room temperature.
Materials Characterization
The HKUST-1, natural zeolite (NZ), activated natural zeolite (ANZ), and ANZ@HKUST-1 composites were analyzed by X-ray diffraction (XRD; Rigaku Miniflex 600 Benchtop) to observe the crystallinity and phase purity of the materials. Differential thermal/thermogravimetric analysis (DT/ TGA; STA Linseis PT-1600) with a heating rate of 20°C/ min to a temperature of 900°C under nitrogen flow was used to analyze the thermal stability of the materials. The morphologies and particle sizes of the materials were measured using scanning electron microscopy (SEM; FEI Inspect-S50) equipped with an energy dispersive X-ray (EDX) analyzer. The surface area, porosity, and pore distribution were estimated from nitrogen sorption isotherm measured by Quadrasorb Evo, Quantachrome Instruments at 77K. The sample was activated for 12 h prior to measurement. The functional groups of the materials were analyzed using Fourier-transform infrared (FTIR) spectroscopy (Shimadzu IR Prestige-21) with a KBr background at wavenumber 400-4000 cm -1 in the air.
CO 2 Adsorption Tests on HKUST-1, ANZ, and ANZ@HKUST-1
CO 2 adsorption was measured using the volumetric method according to a literature procedure [22, 23] based on the acidimetric titration principle using NaOH. CO 2 gas was flowed to the sample through a flow meter at 50 mL/ min within 10 minutes at gas pressure of 2 bars. CO 2 gas is an acid oxide that is not adsorbed by the sample and will react with the base solution to form salt and water, as shown in equation 1.
The resulting carbonate salt was then titrated with HCl solution. In our previous work [23] , phenolphthalein indicator was added into the carbonate solution followed by titration using HCl solution; then continued by addition of methyl orange indicator and again titrated with HCl solution. The required HCl titration volumes in the first and second stages were recorded. The amount of residual CO 2 was determined from the conversion of the difference in the amount of HCl required for the titration of Na 2 CO 3 in the first and second stages. The remaining CO 2 of the sample was then compared with the remaining CO 2 of the blank to determine the amount of CO 2 adsorbed. The adsorption test for the CO 2 blank was determined without the sample (adsorbent).
Ethical approval: The conducted research is not related to either human or animal use.
Results and Discussion
Materials Characterization
The X-ray diffractograms of the HKUST-1 and ANZ@HKUST-1 composites were compared with standard XRD patterns of HKUST-1 (CCDC No. 112954) [24] and ANZ. The XRD pattern of ANZ was simultaneously compared with mordenite (ICSD No. 9632) and Clinoptilolite (JCPDS No. 39-1383) as shown in ESI Figure S1 . The natural zeolite from Klaten is typically composed of mordenite and clinoptilolite [25] , however, after the activation process, the mordenite phase becomes dominant [26] . The diffraction pattern of the solvothermal synthesized ANZ@HKUST-1 shows the characteristic peaks of HKUST-1 CCDC No. 112954 ( Figure 1 ) at 2 theta 9.45° (hkl 2 2 0); 11.64° (hkl 2 2 2); and 13.45° (hkl 4 0 0). The resulting characteristic peaks of HKUST-1 have a high intensity which indicates that the solvothermally synthesized HKUST-1 has good crystallinity. The ANZ@ HKUST-1 diffraction pattern also shows diffraction peaks corresponding to the characteristic peaks of ANZ, which has a characteristic diffraction pattern at 2 theta of 19.5° (hkl 3 3 0); 22.2° (hkl 1 5 0); 25.6° (hkl 2 0 2); 26,5° (hkl 3 5 0); and 27.6° (hkl 5 1 1), in which the two highest peaks were being observed at 2 theta 25.6° and 26.5°.
A small peak was observed at 2 theta 18.07° in the in situ synthesized ANZ@HKUST-1 composite. Based on the refinement results, this peak indicates the residual remains of the benzene-1,3,5-tricarboxylate ligand (BTC) (JCPDS 451880) derived from the solvothermally synthesized ANZ@HKUST-1. As a comparison, there was no peak in the ex-situ ANZ@HKUST-1 composite synthesized under ultrasonic irradiation indicating no remaining BTC ligands. It can be seen that the in situ method of synthesized ANZ@HKUST-1 composites slightly inhibited the formation of HKUST-1, therefore a few remaining ligands uncoordinated to Cu(II) metal ions can still be observed.
The FTIR spectrum of the ANZ@HKUST-1 composite was then compared with the spectra of HKUST-1 and ANZ. In Figure 2 , ANZ@HKUST-1 shows compatibility with the FTIR spectrum of HKUST-1 in which the peaks at wavenumbers of 1621 and 1367 cm -1 indicate a stretching vibration of C=O and C-O from the carboxylate group of HKUST-1. The composite material also shows compatibility with the ANZ FTIR spectrum due to the absorption peak at 1058 cm -1 and 447 cm -1 which are attributed to the T-O (T = Si or Al) stretching and bending vibration mode, respectively. In the FTIR spectra of the in situ synthesized ANZ@HKUST-1 composites, there is still a C=O peak at 1700 cm -1 with a somewhat higher intensity, indicating the residual H3BTC ligand from the HKUST-1 as a consequence of the presence of zeolite which slightly blocked the formation of HKUST-1.
The SEM image of HKUST-1 (Figure 3) shows that HKUST-1 has an octahedral shape with an average particle diameter of ca. 15.64 ± 4.2 μm, as reported in a previous paper [27] . The SEM image of ANZ@HKUST-1 (Figure 3 (c-d)) clearly shows that zeolite flakes were deposited onto the surface of HKUST-1, which is in agreement with the work reported in a related paper [13] . Furthermore, Figure  3 (c-d) depicts that the decrement of HKUST-1 particle diameter and the distortion of its octahedral morphology as the amount of ANZ is increased. This is supported by the fact that the addition of ANZ (crystallite size 5.77 ± 1.09 μm) leads to the crystalline damage in HKUST-1 as shown in XRD patterns (Figure 1 ) and SEM images (Figure 3 , and ESI Figure S2 ).
According to the content of Si and Al elements analyzed by EDX, ANZ@HKUST-1 composites in various composition (20, 50, and 80%) were successfully prepared. The element Si, which is one of the main constituents of the zeolite composite of HKUST-1, was found in the region of ± 1.8 keV. The Al element found in ANZ@HKUST-1 (Table  1) had lower wt% content than Si. This is because, some Al was leached from the structure in the form of Al(OH) 3 during zeolite activation, which has also been reported previously [28] . The wt% of the Si and Al content in the composite material did not match the theoretical estimation, possibly because of ANZ penetration into the structure of HKUST-1, or due to the non-homogeneous distribution of ANZ in the HKUST-1 composite. Anyhow, the composition of HKUST-1 was insignificantly altered.
Nitrogen sorption isotherm analysis ( Figure 4) shows that both starting materials HKUST-1 and ANZ exhibited isotherm type I and pseudo-Langmuir isotherm and, therefore, could be classified as a microporous material [29] . After composites formed, with ANZ as a filler, the type of adsorption-desorption curves of ANZ-HKUST-1 20% and ANZ-HKUST-1 50% were changed to type IV with hysteresis loop, indicating the introduction of mesoporous character [29] . However, when ANZ is 80%, the adsorption-desorption profile of ANZ-HKUST-1 80% is similar to that of parent ANZ. It is seen that HKUST-1 has the highest N 2 adsorption-desorption capacity whereas the ANZ@HKUST-1 composite had a smaller nitrogen sorption isotherm than HKUST-1 because ANZ had the smallest N 2 adsorption value. In the observation of the pore size distribution analyzed using Barrett, Joyner, and Halenda (BJH) method, the average pore size of HKUST-1 was 1.87 nm and its pore distribution was in the microporous region (less than 2 nm). The pore distribution of the ANZ@HKUST-1 composite increased with increasing ANZ composition. This is because ANZ has a pore distribution in the micro-and meso regions of 1.9 nm, and 4.9 nm, respectively. The pore distribution analysis also shows that the mesopore size in zeolite did not appear when combined with HKUST-1. This indicates that ANZ covers HKUST-1, thus increasing the degree of microporosity of the ANZ@HKUST-1 composite. This fact is in accordance with literature reference [13] which discussed the HKUST-1 pore distribution increasing after combining with MCF to form a composite material. The surface area of the composite material ANZ@ HKUST-1 gradually decreased with the increase of weight % of ANZ since ANZ possessed a much lower surface area than HKUST-1 (Table 2 ). However, another reason could be that ANZ covered the surface of HKUST-1, and consequently, the surface area decreased as the addition of ANZ increased.
Three mass change steps were observed in the HKUST-1 thermogram ( Figure 5 ). In the first step, a mass drop occurred for HKUST-1 (20.41%) at the temperature range of 98 -132°C, indicating the possible loss of 8 water molecules from the surface and pores of HKUST-1. Then, at the temperature range of 132-283°C, a second mass loss of 5.72% was observed, indicating the possible loss of 2 water molecules that bind to Cu 2+ metal ions. Furthermore, a third mass loss corresponded to the fracture of the HKUST-1 structure above 293°C, resulting in a mass decrease of 42.8%. The mass changes began to stabilize above 331°C, which indicated the formation of CuO oxide with a residue of 31.09%. This result is consistent with a study conducted by Lin et al. [27] who synthesized HKUST-1 in solvothermal method with a final residue of 33 wt%.
In the ANZ thermogram, a decrease in mass of 16.56% was observed at the temperature range of 34 -107°C, estimated to be the loss of water molecules attached to ANZ. The second decrease in mass of 13.44% occurred at 107 -600°C, was estimated to be the loss of hydroxyl and NH 3 in the ANZ structure. ANZ had a mass decrease of 30% at the temperature range of 34 -600 o C. According to Mansouri et al., TGA on zeolite shows dehydration or a loss of water molecules at temperatures of 38 -120°C [30] . According to Botto et al., there is a decrease of ANZ mass at 380°C, indicating the loss of NH 3 from the NH 4 + ions present in ANZ, thus leaving the H + cations on ANZ [31] . Furthermore, composite materials with ANZ compositions of 20 and 50 wt% have similar thermograms with HKUST-1, which indicate the mass changes in the three regions. The first change likely results from the loss of water molecules from HKUST-1 and ANZ. The second mass loss is attributed to the loss of water molecules binding to Cu 2+ metal ions on HKUST-1, and a third loss in mass might be due to structural damage of HKUST-1. According to the thermogram of ANZ@HKUST-1 composites, it is suggested that the addition of ANZ to HKUST-1 improved the thermal stability of HKUST-1 at temperatures from 283°C to 305°C. This result is in agreement with the results of a previous study [15] concluding that the thermal stability of MOF composite is higher than that of the initial MOF material. The thermal profile of ANZ-HKUST-1 80 wt% seems to follow a similar trend, in which the mass loss due to water molecule release is the lowest (ca. 5%), and the third mass loss corresponded to the fracture of the HKUST-1 structure took place in the wider temperature range (298 -350 o C). It was expected to be confirmed that the smaller quantity of HKUST-1 possibly led to release few water molecules. Therefore, ANZ-HKUST-1 80 wt% has higher thermal stability than ANZ-HKUST-1 20 and 50 wt% due to more ANZ content, and the materials remain stable at 600°C.
CO 2 Adsorption Test
The CO 2 adsorption test ( Figure 6) shows that there was an increase in CO 2 adsorption capacity when ANZ was added to HKUST-1 at 2, 5, 95, and 98 wt%. In the 2% and 5% ANZ composites, there was an increase in adsorption capacity of 12.1% and 12%, respectively, in comparison with the adsorption capacity of HKUST-1. This is because the ANZ that was added to HKUST-1 did not block the pores of HKUST-1 itself, thus increasing the amount of porosity in the ANZ@HKUST-1 composite. Moreover, ANZ has additional active sides, O-H +, and NH 4 + , which can bind CO 2 through hydrogen bonds, leading to the increasing of the adsorption capacity of CO 2 (see Figure 7 ). The ANZ 95 and 98% composites also have higher adsorption capacity of 12.2% and 5.6%, respectively, than the initial adsorption capacity of HKUST-1 and ANZ. Similarly, the reason for this could be that HKUST-1 did not block the micropores of ANZ, consequently increasing the number of micropores on the composite ANZ@ HKUST-1.
However in other variations, a more balanced composition of ANZ and HKUST-1 tend to decrease the CO 2 adsorption capacity of the material, as evidenced by ANZ composites 20, 50 and 80 wt%. In these three composites, it was estimated that a higher weight percentage ratio, meaning more ANZ would cover the pores of HKUST-1 therefore the ANZ@HKUST-1 composite could not maximally adsorb CO 2 . This CO 2 gas adsorption result correlated to the nitrogen sorption isotherm analysis shows that the combination of HKUST-1 and ANZ has narrowed the pore size distribution from 5.0 nm to < 2.0 nm. Because CO 2 gas has a molecule size of 0.33 nm, it was likely to be adsorbed on the micropores (1.87-1.9 nm) of the ANZ@HKUST-1 composite. Therefore, one of the reasons for the increase of CO 2 gas adsorption capacity is caused by the pore size of material that corresponds well to the size of the CO 2 gas molecule, as shown by the composite of ANZ 2, 5, 95, and 98 wt%. An increase in CO 2 adsorption capacity shown by the composites in this study is in accordance with a previous report [13] , in which a synthesized composite of HKUST-1#MCF-NH 2 therein, showed an increase in the adsorption capacity from 3.35 mmol/g to 3.89 mmol/g at 1 bar and 25°C.
Conclusions
In this study, we successfully prepared a composite material, ANZ@HKUST-1. The incorporation of HKUST-1 with ANZ improves thermal stability although it decreases the surface area and porosity of HKUST-1. The CO 2 gas adsorption results show that the addition of ANZ 2, 5, 95, and 98 wt% increase the CO 2 gas adsorption capacity up to 12% over the initial materials. The method of the composites synthesis (whether in situ or ex-situ) does not significantly affect the adsorption result; the main factors affecting CO 2 adsorption are the surface area, the pores, and the active sides of both materials. To conclude, the potential use of the ANZ@HKUST-1 composites in CO 2 capture and separation for example as filler in mixed matrix membrane (MMMs) area should be explored further.
